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ABSTRACT 

Vertical  external  cavity  surface  emitting  lasers  (VECSELs)  have  proven  themselves  to  be  a  suitable  semiconductor 
answer  to  many  solid-state  lasers.  Their  simplicity  makes  them  a  very  versatile  platform  for  accessing  wavelengths 
from  the  UV  through  the  THz  through  direct  and  frequency-converted  emission.  This  wavelength  flexibility, 
combined  with  an  optical  cavity  accommodating  additional  tuning  or  nonlinear  elements,  make  the  VECSEL 
a  uniquely  suited  solution  to  a  variety  of  applications.  We  will  present  recent  Air  Force  Research  Laboratory 
progress  in  VECSELs  and  potential  applications  for  these  lasers. 

1.  INTRODUCTION 

1.1  Sensor  Applications 

The  US  Air  Force  has  important  needs  for  high  power  lasers.  A  few  examples  of  sensors  systems  that  might 
require  high  power  lasers  are  as  follows.  First,  LADAR  (or  laser  radar)  systems  have  needs  for  detectible  power 
kilometers  away  concentrated  in  small  areas  [1-3].  This  light  is  scattered  off  of  targets,  and  some  fraction  is 
collected  to  detect  and  compared  with  the  original  signal  (e.g.  time  of  flight)  to  determine  range.  The  imaging 
system  is  spatially  incoherent  because  typical  scenes  do  not  provide  appreciable  specular  reflections  back  into  the 
collection  system.  In  this  case,  better  lateral  resolution  is  achieved  by  illuminating  smaller  solid  angles,  while  the 
pulse  length  and  shape  better  resolve  the  range  of  each  point  in  image  space.  Wavelengths  are  most  often  driven 
by  atmospheric  transmission,  scattering,  and  diffraction,  although  the  detection  system  also  plays  a  significant 
role  in  wavelength  selection.  Typically  this  is  done  near  1.5  /im,  primarily  driven  by  the  availability  of  sources, 
detectors,  and  optics. 

Another  sensing  modality  is  required  for  chemical  sensing.  While  there  are  many  manifestations  of  chemical 
sensing  systems  [4],  a  canonical  chemical  sensing  system  includes  a  spectrally  narrow  laser  that  is  able  to  tune  over 
broad  wavelength  ranges  in  order  to  probe  the  transmission  or  absorption  characteristics  of  the  gas  to  attempt 
to  uniquely  identify  the  constituent  chemical  components.  In  such  a  system,  spectrally  narrow  and  widely 
tunable  sources  are  often  required,  although  high  power  is  often  avoided  as  the  gas  may  be  easily  saturated, 
broadening  absorption  lines  and  making  chemical  identification  difficult.  Laser  wavelengths  are  driven  by  the 
gasses  of  interest.  Often,  this  is  exceedingly  difficult  to  accomplish  at  range.  Alternative  means  for  identifying 
chemical  species  through  nonlinear  processes  such  as  coherent  anti-Stokes  Raman  scattering  (CARS)  can  be  done 
“remotely”  (meters),  although  large  pulse  energies  limit  the  practicality  of  these  methods  [5]. 

Protection  from  offensive  weapon  tracking  systems,  termed  infrared  countermeasures,  also  stand  to  benefit 
from  high-power,  efficient  lasers.  Outside  directed  energy  for  damaging  tracking  systems,  jamming  is  most  often 
used,  where  near-  and  mid-wave  infrared  (NIR  and  MWIR)  detectors  are  jammed  by  affecting  the  tracking  logic 
of  the  detector.  This  application  typically  demands  wavelengths  that  are  detected  by  tracking  systems  (NIR  and 
MWIR)  lasers,  with  modulations  in  the  kilohertz  regime.  Widely  tunable  sources  are  advantageous  such  that 
the  entire  spectral  band  of  the  tracking  detector  may  be  accessed  dynamically  to  create  the  appropriate  signal 
on  the  detector.  Optical  source  wavelengths  are  dictated  both  by  the  detector  sensitivity,  as  well  as  atmospheric 
absorption  windows,  which  often  share  wavelength  regions  [6] . 
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1.2  Semiconductor  Lasers 

For  many  of  these  applications,  semiconductors  are  well  suited  to  meet  requirements.  Through  material  varia¬ 
tions,  semiconductor  lasers  have  established  techniques  to  access  a  variety  of  wavelengths,  from  the  ultraviolet  [7] 
through  to  the  long- wave  infrared,  and  even  the  terahertz  regimes  [8].  Although  all  semiconductor,  these  may  use 
very  different  laser  concepts,  from  interband  type-I,  type-II,  or  intersubband  quantum  wells.  The  most  common 
high-power  edge-emitting  semiconductor  lasers  suffter  from  poor  beam  quality,  due  primarily  to  the  linewidth 
enhancement  factor.  This  deleterious  effect,  known  as  “filamentation” ,  breaks  up  spatial  coherence  of  the  laser 
through  amplitude/phase  coupling,  often  reduces  the  power  scalability  of  semiconductor  lasers. 

In  vertical  cavity  surface  emitting  lasers  (VCSELs),  light  propagates  parallel  to  the  growth  direction,  lon¬ 
gitudinally  confined  by  distributed  Bragg  reflector  (DBR)  mirrors,  and  is  most  typically  gain  and  thermally 
guided  in  the  transverse  direction.  Unfortunately,  the  two  planar  mirrors  limit  the  lateral  device  dimensions 
that  remain  in  single  transverse  mode  operation.  Vertical  external  cavity  surface  emitting  lasers  (VECSELs) 
avoid  this  coupling  by  replacing  one  of  the  mirrors  with  a  curved  external  reflector,  having  strong  control  modal 
control,  while  the  gain  is  simply  controlled  by  carrier  injection.  While  electrically  pumped  VECSELs  have  been 
developed  and  commercially  employed  [9],  carrier  diffusion  ultimately  limits  electrically-pumped  power  scaling 
to  mode  sizes  of  7.6xl0~5  cm2.  Optically  pumped  VECSELs  (also  known  as  “optically  pumped  semiconductor 
lasers”  -  OPSLs),  on  the  other  hand,  are  not  limited  in  this  respect  because  the  optical  pump  uniformity  dictates 
the  carrier  population,  making  them  strong  candidates  for  achieving  very  high  powers.  Therefore,  these  lasers 
can  scale  to  mode  sizes  on  the  order  of  500  gm  in  diameter,  and  approach  powers  greater  than  60  W  [10]  utilizing 
single  chips. 

VECSELs  seem  to  be  less  susceptible  to  filamentation  by  dramatically  shortening  the  gain  region,  and  provid¬ 
ing  a  wavefront  delocalization  (through  refection  from  an  external  mirror) ,  which  further  suppresses  filamentation. 
Moreover,  the  decoupling  of  the  mode  from  the  gain  profile  has  allowed  this  class  of  laser  to  maintain  a  high 
brightness  mode,  for  example  an  M2  <1.5  has  been  shown  for  powers  of  almost  30  W  [11].  Low  diffraction,  cou¬ 
pled  with  high  power,  help  sensor  applications  by  providing  longer  range,  higher  lateral  resolution,  and  greater 
power  on  target. 

Just  as  important  as  the  lasers  fundamental  capability  is  the  flexibility  afforded  by  the  “open  cavity  archi¬ 
tecture,”  which  allows  them  to  be  deployed  with  intracavity  optical  elements  for  frequency  tuning,  frequency 
conversion,  stabilization.  VECSELs  also  hold  the  distinction  of  having  one  of  the  longest  photon  lifetimes  in 
semiconductor  lasers.  The  photon  lifetimes  of  both  edge-emitting  and  vertical  cavity  surface  emitting  lasers  are 
on  the  order  of  5  ps.  However,  the  long  cavity  in  VECSELs  (~  centimeters)  result  in  photon  lifetimes  on  the 
order  of  nanoseconds,  although  its  actual  value  can  be  easily  changed  through  geometry  or  changing  external 
mirrors. 

With  all  of  the  qualities  of  VECSELs,  they  should  be  considered  for  many  sensors  applications  mentioned 
in  Section  1.1.  However,  it  remains  important  to  evaluate  the  VECSEL  platform  in  a  holistic  fashion.  This 
manuscript  attempts  to  outline  some  recent  advances  in  VECSEL  research  both  in  and  outside  of  Air  Force 
Research  Laboratory  that  identifies  how  we  may  properly  utilize  this  technology  in  the  future.  Section  2  reviews 
some  advances  in  thermal  packaging  through  improvements  in  solder  deposition  techniques.  Section  3  and 
Section  4  describe  wavelength  and  waveform  engineering  for  potential  use  in  different  applications.  Finally, 
Section  5  makes  some  concluding  remarks  about  the  VECSEL  viability  for  sensors  systems. 

2.  PACKAGE  ENGINEERING 

While  there  are  several  effects  that  may  be  deleterious  to  VECSEL  performance  [12],  thermal  effects  are  presently 
the  main  contributor  to  performance  limitations.  Strategies  to  remove  heat  are  almost  as  varied  as  groups 
researching  VECSELs.  The  method  that  has  demonstrated  the  greatest  success  in  the  A  ~1  pm  range  is  typically 
referred  to  as  a  “substrate  emitter”,  where  the  half-VCSEL  is  grown  upside  down  (gain  region,  then  DBR).  This 
entire  structure  is  most  often  solder  bonded  using  a  soft  solder  (e.g.  indium)  to  a  high  thermal  conductivity  heat 
spreader  such  as  diamond.  The  substrate  of  this  structure  is  subsequently  removed,  leaving  only  epitaxial  layers. 
The  heat  spreader  is  mounted  to  a  water-cooling  system  and  the  heat  is  removed  from  the  active  region  through 
the  DBR  mirror.  For  wavelengths  near  1  pm,  the  mirror  is  dominated  by  AlGaAs,  a  low  thermal  conductivity 
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a)  b) 

Figure  1.  cross-section  of  sputter-deposited  indium,  for  a)  uncooled  deposition  conditions  and  b)  liquid  nitrogen  cooled 
conditions. 


material,  however,  typically  the  solder  is  responsible  for  the  majority  of  the  thermal  impedance,  due  primarily 
to  the  total  thickness. 

Indium  remains  an  attractive  solder  because  it  has  a  very  high  thermal  conductivity  (~80  W/nr-K),  while 
remaining  compliant  to  help  the  mismatch  between  the  semiconductor  and  the  heat  spreader.  With  substrate 
emitters,  the  solder  should  have  two  characteristics  for  high  quality  VECSELs.  The  first  is  that  the  indium 
should  be  as  thin  as  possible  while  maintaining  a  good  bond  with  both  the  heat  spreader  and  the  semiconductor 
chip.  The  thin  indium  decreases  the  total  thermal  impedance  imparted  by  the  indium.  Secondly,  the  indium 
should  be  as  smooth  as  possible,  as  the  thin  epitaxial  layers  tend  to  conform  to  the  lower  spatial  frequency 
components  of  the  semiconductor  surface. 

Either  thin  indium  preforms  are  used,  which  tend  to  be  on  the  order  of  30-50  fim.  thick  and  compress  to 
about  10  /xm  upon  bonding.  Indium  preparation  (including  chemical  deoxidation  of  both  surfaces)  and  bonding 
pressure  are  paramount  to  success  of  preform  usage.  It  has  been  reported  that  vacuum  bonding  reduces  the  void 
formation  typically  associated  with  oxide  formation  [10],  although  presumably  an  environment  purged  with  a 
non-reactive  gas  would  result  in  similar  suppression  of  voids. 

An  alternative  to  using  solder  preforms  is  direct  deposition  of  solder  using  evaporation  or  sputtering.  This 
method  is  more  common  as  actual  solder  thickness  and  at  least  one  solder  interface  is  easily  controlled.  However, 
this  technique  also  has  complications.  Due  to  indium’s  low  melting  point,  the  indium  has  sufficient  energy  once 
contacting  the  platen  to  form  large  crystal  domains.  We  measure  this  qualitatively  through  the  as-deposited 
indium  surface  roughness  and  surface  statistics  resulting  films,  which  are  all  nominally  5  /jm  thick.  Our  research 
has  shown  that  sputter-deposited  indium  films  are  far  smoother  than  evaporated  films.  RMS  roughness  is  taken 
over  a  20x20  fim2  area  using  AFM.  For  evaporated  surfaces,  this  as-deposited  surface  roughness  remains  greater 
than  1  fim.  However,  when  sputtered,  the  process,  which  remains  closer  to  room  temperature,  has  a  resulting 
surface  which  tends  to  be  around  550  nm.  The  surface  features  also  remain  smaller,  only  a  couple  of  microns  in 
size.  The  surface  can  further  be  smoothed  by  a  subsequent  reflow  process  (down  to  ~200  nm  RMS  roughness), 
although  the  grain  sizes  increase  due  to  indium  domain  coalescing. 

Although  these  films  have  improved  surfaces,  the  bulk  remains  suspect.  Figure  la  shows  a  focus  ion-beam- 
etched  cross-section  scanning  electron  micrograph  of  a  typical  sputtered  indium  film,  near  the  solder,  heat- 
spreader  interface.  The  film  at  the  bottom  is  the  Pt-Au  solder  adhesion  layer,  and  the  image  is  of  the  first  ~2  fin l 
of  the  solder  deposition.  The  formation  of  “caverns”  within  the  indium  reduce  the  net  thermal  conductivity. 
Moreover,  these  are  large,  and  can  coalesce  into  larger  sizes  under  the  solder  bonding  process. 
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Figure  2.  Exemplary  demonstrated  room-temperature  continuous  wave  semiconductor  laser  operation  published  within 
the  last  20  years  in  the  near  infrared  (NIR),  SWIR,  MWIR,  and  LWIR  [10,  13-31].  Most  devices  may  be  broken  to  type-I 
interband  lasers,  type-II  optically  pumped  interband  lasers,  type-II  electrically  pumped  interband  lasers,  and  intersubband 
lasers  (quantum  cascade  lasers).  The  region  from  ~2.4  pm  to  4  pm  region  at  powers  above  about  0.2  W  represents 
an  important  and  near  unsatisfied  region  of  the  spectrum  that  must  be  filled  for  spectral  dominance.  Atmospheric 
transmission  spectra  is  also  shown  with  arbitrary  units  (maximum  ~1). 


In  order  to  counter  this  process,  we  modified  our  solder  sputter  system  to  allow  for  liquid  platen  cooling  to 
reduce  the  substrate  temperature  below  room  temperature.  As  this  is  a  liquid  cooling  process,  we  are  able  to  cool 
the  platen  to  temperatures  using  cycled  liquid  nitrogen  behind  the  platen.  This  removes  any  additional  energy 
that  the  deposited  indium  would  use  once  reaching  the  surface  to  form  larger  crystal  domains,  and  effectively 
freezing  them  in  place.  Figure  lb  shows  the  cross-section  of  a  typical  film  deposited  at  low  temperature  at 
otherwise  similar  deposition  conditions,  on  the  same  scale  as  Figure  la.  While  voids  still  exist,  they  are  smaller 
and  more  isolated.  There  is  no  indication  of  further  void  coalescing  during  solder  bonding  conditions.  Even  if 
the  void  areas  for  each  of  these  cases  are  the  same,  the  thermal  impedance  of  the  case  of  the  isolated,  small  voids 
are  approximately  an  order  of  magnitude  smaller  than  that  of  the  large  voids  depicted  in  Figure  la. 

Moreover,  the  surface  has  been  improved  by  another  20-fold,  with  a  typical  surface  roughness  on  the  order  of 
23  nm  (less  than  half  a  percent  of  total  film  thickness).  This  “mirror-quality”  indium  may  dramatically  improve 
solder  bonding  by  achieving  very  flat  surfaces. 

3.  WAVELENGTH  ENGINEERING 

Spectral  access  to  wavelengths  that  suit  the  applications  mentioned  in  Section  1.1  become  dramatically  important 
to  properly  match  the  output  wavelength  to  the  spectral  region  of  interest.  Room-temperature  continuous 
operation  of  semiconductor  lasers  is  common  in  the  near-IR  bands  (<2  \x m).  However,  longer  wavelength  lasers 
typically  require  below-room-temperature  cooling  to  reach  necessary  gains  for  lasing.  Figure  2  summarizes  recent 
progresses  in  semiconductor  lasers  operating  at  room  temperature  under  continuous  wave  conditions.  This  figure 
includes  type-I  quantum  wells  [10,  11,  13,  14],  type-II  quantum  wells  (c.f.  References  [15,  16])  ,  and  quantum 
cascade  lasers  (c.f.  References  [17-20]). 

Because  most  sensor  applications  necessitate  light  in  the  3-4  fj m  wavelength  band,  which  is  traditionally  diffi¬ 
cult  to  achieve  with  semiconductor  sources  (see  Figure  2),  a  method  that  has  been  explored  by  a  few  researchers 
uses  an  intracavity  nonlinear  element  for  optical  parametric  down-conversion  [32].  While  this  approach  provides 
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barrier  composition  x  (AlaGaf  aSb) 


0.2  0.4  0.6  0.8  1.0  1.2 


AEc  (eV) 


temperature  (K)  temperature  (K)  temperature  (K) 


Figure  3.  a)  Contributions  to  room  temperature  carrier  lifetime  as  a  function  of  A Ec.  Spontaneous  and  Auger  lifetimes 
are  given  for  gth= 600  cm-1.  Total  carrier  lifetimes  (including  an  SRH  lifetime  of  4.5  ns)  are  given  for  gt h  of  200- 
1000  cm-1.  The  total  carrier  lifetime  associated  with  the  spontaneous  and  Auger  lifetimes  plotted  is  emphasized  with 
a  shade  underneath,  b)  Transition  energies  between  the  lowest  conduction  band  state  and  excited  states.  The  drop  of 
Auger  lifetime  in  the  region  that  A Ec  —  Eg  indicates  the  increased  availability  of  states  available  for  Auger  transitions. 
Threshold  (in  equivalent  current)  and  To  and  contributions  from  the  three  carrier  loss  contributors  Ja,b,c  for  c)  the  high 
barrier  structure,  d)  the  moderate  barrier  structure,  and  e)  the  low  barrier  structure. 


significant  flexibility,  where  one  may  take  advantage  of  the  high  efficiency  near-IR  VECSELs,  efficiency  may 
dictate  the  pursuit  of  direct  generation  of  mid-IR  radiation. 

VECSELs  effectively  use  type-I  quantum  wells,  and  the  vertical-emitting  mode  is  inhibited  in  QCLs  due 
to  carrier  selection  rules.  Type-I  lasers  are  traditionally  limited  at  longer  wavelengths  by  Auger  recombination. 
Empirically,  the  Auger  loss  current  is  nominally  proportional  to  Nfhl  where  Nth  is  the  threshold  carrier  density.  A 
reduction  in  Nth  has  been  the  most  common  approach  to  achieving  efficient  lasers.  Even  then,  it  has  been  shown 
that  the  proportionality  constant  (know  as  the  “Auger  coefficient”,  and  typically  denoted  as  C )  dramatically 
increases  above  2  (im  [33]. 

However,  with  proper  quantum-well  design,  the  Auger  processes  are  controllable  when  the  dominating  physics 
are  appropriately  understood  [34].  With  the  use  of  SimuLase™,  a  microscopic  many-body  model  for  many 
semiconductors  by  Nonlinear  Control  Strategies,  we  were  able  to  explore  the  parameter  space  and  different 
Auger  effects  in  an  InGaSb  quantum  well  designed  with  a  wavelength  near  2  /mi.  For  this  wavelength  and 
material  system,  the  carrier  loss  is  dominated  by  the  CHCC  process  involving  two  conduction  band  carriers, 
one  which  drops  into  the  valence  band,  the  excess  energy  used  to  promote  a  conduction  band  electron  into  a 
higher  subband.  In  the  infrared  wavelength  regime,  Eg  is  typically  much  larger  than  the  conduction  band  offset 
(A Ec).  In  this  scenario  (referred  to  as  a  “low  barrier”  structure),  the  final  electron  is  excited  into  states  that  are 
delocalized  in  the  barrier.  Transfer  from  a  confined  subband  to  this  delocalized  band  requires  a  large  transfer 
of  momentum  [35],  which  increases  the  Auger  lifetime  (decreasing  loss).  This  is  shown  in  Figure  3a, b,  where 
calculated  carrier  loss  contributions  are  plotted  as  a  function  of  conduction  band  offset,  as  well  as  subband 
energies. 

At  higher  barriers,  Auger  recombination  dominates  the  carrier  lifetime  as  the  Eg  ~  A Ec  (moderate-  and  high- 
barriers).  At  these  barrier  heights,  the  excited  electron  states  remain  confined,  and  therefore  the  momentum 
transfer  needed  to  transition  electrons  from  one  state  is  more  readily  available,  thus  causing  the  dip  near  A Ec  ~ 
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Eg.  At  yet  larger  barrier  heights  where  AEC/ Eg  >  1,  all  states  remain  completely  confined  within  the  quantum 
well  and  the  probability  of  Auger  recombination  becomes  highly  dependent  on  the  exact  subband  positions,  and 
whether  they  are  resonant  with  the  available  energy  from  the  conduction-  to  valence-band  transition.  This  may 
be  evidenced  in  Figure  3  at  A Ec  >1.1  eV,  where  Eg  falls  into  resonance  with  Eg-Ei  transition. 

To  test  this  concept,  we  grew  three  edge-emitting  strained  Ina;Gai_;ESb/Alj/Ga1_j/Sb  quantum  well  struc¬ 
tures  using  solid-source  molecular  beam  epitaxy  (MBE)  with  varying  barrier  heights:  “high  barrier”  where 
A_EC=460  meV,  “moderate  barrier”  where  AEC=380  meV,  and  a“low  barrier”  structure  with  A_EC=180  meV. 
All  of  these  structures  have  a  photon  energy  of  around  0.61  eV,  confirmed  with  photoluininesence.  These  laser 
structures  were  cleaved  into  laser  bars  of  various  lengths  and  optically  pumped  at  980  nm  with  a  short,  low 
duty-cycle  pulse  to  alleviate  significant  temperature  variations. 

We  plotted  the  lasing  threshold  for  all  three  structures  (ensemble  averages),  and  these  results  are  depicted 
in  Figures  3c,d,e  for  various  temperatures.  The  high-barrier  (Figure  3c),  moderate  barrier  (Figure  3d),  and  low 
barrier  (Figure  3e)  structures  are  presented  as  a  function  of  temperature.  The  low  barrier  structure  (Figure  3e) 
has  the  lowest  threshold,  indicating  the  least  amount  of  carrier  losses,  assuming  similar  waveguide  propagation 
losses.  The  calculated  To  values  and  relative  carrier  loss  contributions  are  also  shown  in  Figures  3c,d,e.  The 
relative  contribution  of  the  SRH,  spontaneous,  and  Auger  loss  terms  are  denoted  by  Ja,b,c,  respectively,  and  are 
computed  as  a  function  of  temperature. 

Using  these  experiments  and  comparing  to  calculated  values,  we  are  able  to  increase  the  Auger  lifetime  by 
more  than  5x  in  the  low-barrier  structure  when  compared  to  the  high-barrier  structure, reflecting  a  significant 
improvement  to  Auger  losses.  The  phenomenological  Auger  coefficient  (C),  related  to  rc  by  C  =  l/(rcN^h),  is 
often  used  to  evaluate  device  performance  is  decreased  by  20  x  with  the  low  barrier  structure  as  compared  to 
the  high-barrier  quantum  well. 


4.  WAVEFORM  ENGINEERING 

An  important  consideration  for  the  appropriateness  of  a  laser  is  the  ability  to  modulate  the  waveform  temporally 
to  suit  the  application.  For  example,  simple  LADAR  systems  operate  on  a  short  pulse  time-of-flight  measurement 
to  determine  range,  where  pulse  length  defines  the  range  resolution.  Controlling  the  shape  of  the  pulse  will  help 
resolve  distinct  objects  and  compensate  for  atmospheric  distortions.  In  general,  semiconductor  lasers  are  not 
well  suited  for  this  because  the  short  carrier  lifetime  does  not  allow  energy  storage  in  inode-locked  or  q-switched 
pulses  often  required  by  the  application. 

There  are  alternative  high  duty  cycle,  low  peak  energy  coherent  LADAR  schemes  which  may  be  more  ap¬ 
propriate  for  semiconductor  lasers,  which  may  also  be  suited  for  other  sensor  applications.  In  this  scenario, 
VECSELs  may  be  well  suited  for  slower  signals  (~100  MHz)  because  their  photon  lifetime  tends  to  damp  higher 
frequencies  [36].  Depending  on  bias  points  and  amount  of  power  in,  turn-on  times  tend  to  be  on  the  order  of 
10’s  of  nanoseconds  to  build  up  the  CW  field  within  the  cavity. 

5.  CONCLUSIONS 

VECSELs  remain  a  candidate  for  many  Air  Force  sensor  sources.  Wavelength,  efficiency,  and  waveform  capa¬ 
bility  will  dictate  suitable  insertion  into  subsystems.  We  have  shown  recent  Air  Force  involvement  in  thermal 
management  by  improving  indium  solder  density  and  resulting  film  thickness,  that  will  provide  effective  heat 
extraction  from  the  VECSEL.  We  have  also  shown  that  with  proper  understanding  of  band  structure  and  the 
Auger  process,  one  may  dramatically  improve  the  carrier  losses  and  therefore  the  operating  laser  efficiency.  With 
these  capabilities,  we  hope  to  introduce  the  VECSEL  to  new  Air  Force  applications. 
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